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Abstract 
The study of the electrodeposition of polycrystalline gold in aqueous solution is important 
from the viewpoint that in electrocatalysis applications ill defined micro and nanostructured 
surfaces are often employed. In this work the morphology of gold was controlled by the 
electrodeposition potential and the introduction of Pb(CH3COO)2.3H2O into the plating 
solution to give either smooth or nanostructured gold crystallites or large dendritic structures 
which have been characterised by scanning electron microscopy (SEM). The latter structures 
were achieved through a novel in-situ galvanic replacement of lead with AuCl4
-
(aq) during the 
course of gold electrodeposition. The electrochemical behaviour of electrodeposited gold in 
the double layer region was studied in acidic and alkaline media and related to electrocatalytic 
performance for the oxidation of hydrogen peroxide and methanol. It was found that 
electrodeposited gold is a significantly better electrocatalyst than a polished gold electrode, 
however performance is highly dependent on the chosen deposition parameters. The 
fabrication of a deposit with highly active surface states, comparable to those achieved at 
severely disrupted metal surfaces through thermal and electrochemical methods, does not 
result in the most effective electrocatalyst. This is due to significant premonolayer oxidation 
that occurs in the double layer region of the electrodeposited gold.  In particular, in alkaline 
solution, where gold usually shows the most electrocatalytic activity these active surface 
states may be over oxidised and inhibit the electrocatalytic reaction. However, the activity and 
morphology of an electrodeposited film can be tailored whereby electrodeposited gold that 
exhibits nanostructure within the crystallites on the surface demonstrated enhanced 
electrocatalytic activity compared to smaller smooth gold crystallites and larger dendritic 
structures in potential regions well within the double layer region.  
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Introduction 
The electrochemical formation of nanostructured gold has received much attention recently 
due to numerous technological applications in electrocatalysis, Surface Enhanced Raman 
Spectroscopy (SERS), biosensing and superhydrophobic surfaces
1-10
. In particular, gold 
nanoparticles in alkaline media has been identified as an exceptional catalyst for CO 
oxidation
11
. Thompson has suggested that gold based catalysts have potential applications in 
fuel cells and related hydrogen fuel processing given the relative scarcity and expense of Pt 
metal
12
. Recent studies have shown that methanol oxidation may be a promising candidate for 
this application due to a lack of poisoning effects seen in gold based catalysts
3, 4, 13, 14
.    
 The electrochemical behaviour of gold in aqueous solutions has been well documented 
by Burke who described the existence of two types of surface electrochemistries, which 
include (i) Equilibrated Metal Surface (EMS) atoms that are high coverage, low energy, well 
embedded atoms and (ii) Metastable Metal Surface (MMS) atoms that are low coverage, high 
energy, and can have protruding atoms with a low lattice coordination number
15, 16
. While the 
EMS state exhibits relatively simple double layer charging/discharging and monolayer oxide 
formation/removal in the positive potential region, the more reactive MMS atoms undergo 
oxidation at less positive potentials within the double layer region (this behaviour is known as 
‘premonolayer oxidation’), where the assumed reaction is a MMS/hydrous oxide transition. 
Notably, since MMS atoms behave as surface active sites, they can be of particular 
importance for enhanced electrocatalytic applications
15
.  
The electrochemical behaviour of gold in the double layer region (predominantly rich 
in EMS states) was investigated recently by Bond using Large Amplitude Fourier 
Transformed ac voltammetry
16
.  The main advantage of this technique is that it achieves 
almost complete suppression of background capacitive currents in the higher harmonics, and 
therefore the responses observed in the double layer region, under appropriate activation of 
the electrode surface to generate the MMS state, were unequivocally identified as being 
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Faradaic in nature, exhibiting quasi-reversible electron transfer kinetics
3
. The presence of 
these underlying active sites on the gold surface is postulated to determine its electrocatalytic 
activity
15
. Bard demonstrated with Scanning Electrochemical Microscopy (SECM) the 
existence of incipient oxides on gold in the double layer region at neutral pH with an 
estimated coverage of 0.2 monolayers
17
 which is consistent with previous contact 
electroresistance measurements
18
. Premonolayer oxidation processes are not solely limited to 
gold and have been characterised on silver electrodes by using Raman and X-ray 
photoelectron spectroscopy
19
 as well as cyclic voltammetry
20
. Similarly, premonolayer 
responses at unusually low potentials have been observed for copper electrodes in base due to 
the electrochemical formation of highly active nanostructures on the surface
21
. Recently, the 
presence of oxide species on gold through electrochemical and chemical treatments have been 
shown to influence the formation of high quality self assembled monolayers
22
. 
It is known that roughened noble metals have higher activity than smooth polished 
surfaces for methanol oxidation in alkaline solution
13
 due to the generation of active sites on 
the surface. The difficulty in this approach lies in achieving a reproducible surface where 
electrode history is often a contributing factor. More importantly, activated electrodes have 
been shown to exhibit lower electrocatalytic activity due to over-oxidation of the surface that 
competes with the electrocatalytic process
23
. A simpler approach to generating tailored 
reproducible surfaces is electrodeposition, which can produce high surface area gold deposits 
in the form of rods, spheres, dendrites and flowers
6-8, 24-27
. The study of electrodeposited 
polycrystalline gold in aqueous solution is important from the viewpoint that research in the 
catalysis field is often carried out on surfaces of different micro and nanostructure that in 
many cases have been pre-treated either by chemical, electrochemical and thermal techniques, 
thereby generating ill defined surfaces. Little information is given on the underlying 
electrochemical behaviour of electrodeposited gold in the absence of reactant and how the 
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possible presence of premonolayer oxidation responses may influence electrocatalytic 
activity.  
 In this work the electrocatalytic activity of electrodeposited gold is investigated. A 
variety of surfaces with different activities are produced by using a low concentration of gold 
salt and including lead ions into the plating solution which is known to control the 
morphology of the resulting deposit
8, 24, 27, 28
. The influence of surface morphology, 
characterised by SEM and the presence of an active state response in supporting electrolyte is 
related to the electrocatalytic oxidation of hydrogen peroxide in acidic solution and methanol 
oxidation in alkaline solution.  
 
Experimental 
Chemicals 
Aqueous 0.5 M H2SO4 (Merck) and 0.5 M NaOH (AnalaR, BDH) solutions were made up 
with deionized water (resistivity of 18.2 M cm) purified by use of a Milli-Q reagent 
deioniser (Millipore). HAuCl4.3H2O was prepared by dissolving gold (HGR Matthey, 
99.999%) in aqua regia and evaporated to dryness. The solid was diluted with Milli-Q water 
until the desired concentration level which was confirmed using a Perkin Elmer (Model 3110) 
Atomic Absorption Spectrometer. Pb(CH3COO)2·3H2O (Sigma Aldrich), hydrogen peroxide 
(AnalR, BDH) and methanol (Merck) were used as received.   
 
Apparatus and Procedures 
Voltammetric experiments were conducted at (20  2)C with a CH Instruments 
(CHI 760C) electrochemical analyser in an electrochemical cell that allowed reproducible 
positioning of the working, reference, and auxiliary electrodes and a nitrogen inlet tube. A 
3 mm glassy carbon (GC) (BAS) and 1.6 mm diameter gold electrode (BAS) were used as 
the working electrode and were polished with an aqueous 0.3 μm alumina slurry on a 
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polishing cloth (Microcloth, Buehler), sonicated in deionized water for 5 min, and dried with 
a flow of nitrogen gas prior to use. The reference electrode was Ag/AgCl (aqueous 3 M 
KCl).  For electrodeposition experiments a GC electrode was used as the working electrode 
and a graphite rod (6 mm diameter, Johnson Matthey Ultra “F’ purity grade) as the counter 
electrode. For voltammetric studies the counter electrode was a Pt wire. All electrochemical 
experiments were commenced after degassing the electrolyte solutions with nitrogen for at 
least 10 min prior to any measurement. The following table describes the experimental 
parameters used in fabricating the electrodeposited samples used in this study. 
 
Sample no. Electrodeposition potential [V] 
vs Ag/AgCl 
Electrolyte 
1 0.00 6.9 mM HAuCl4 
2 0.00 6.9 mM HAuCl4 and 0.5 mM Pb(CH3COO)2 
3 -0.25 6.9 mM HAuCl4  
4 -0.25 6.9 mM HAuCl4 and 0.5 mM Pb(CH3COO)2 
Table 1: Experimental parameters used in preparation of electrodeposited gold samples. 
SEM measurements were performed on a FEI Nova SEM instrument with an 
AMETEK energy dispersive X-ray (EDX) system (Nova 200) operated at an accelerating 
voltage of 30 kV. Imaging of solids deposited on the 3 mm GC electrodes was performed 
with the aid of a custom built electrode holder. Prior to SEM imaging, samples were 
thoroughly rinsed with Milli-Q water and dried under a flow of nitrogen. X-ray diffraction 
data were obtained with a Bruker AX 8: Discover with General Area Detector Diffraction 
System (GADDS).  
  
Results and discussion 
Electrodeposition of gold  
A cyclic voltammogram (CV) for the electroreduction of an aqueous solution of 6.9 mM 
HAuCl4 at a GC electrode is shown in Figure 1a. On the negative sweep a peak is observed at 
ca. 0.28 V corresponding to the reduction of AuCl4
-
(aq) to metallic gold as outlined in eqn. (1).   
 7 
 
                                                      ClAueAuCl 43][ 4                                                (1) 
The current reaches a limiting value until the end of the sweep at -0.50 V. On the reverse 
sweep a current crossover is observed at 0.49 V which is indicative of nucleation-growth 
kinetics
29, 30
. This is followed by a large anodic process due to both electrodissolution of 
Au
0
(s) in chloride media generated through the reduction of the tetrachloroaurate salt in the 
preceding sweep and the formation of an oxide layer on the electrodeposited gold. On the 
second sweep it can be seen that there is a large positive shift in the onset for AuCl4
-
(aq) 
reduction due to nucleation sites created on the first sweep. There is also a cathodic peak at 
0.84 V characteristic of the reduction of gold oxide formed in the first sweep when the 
potential was scanned to 1.40 V.  
 The introduction of heavy metal ions into gold plating baths has been shown to induce 
a marked cathodic depolarization effect which affects the rate of gold electrodeposition
31
. 
Illustrated in Figure 1b is a CV for the electrodeposition of gold under the same conditions as 
Figure 1a but the electrolyte contains 0.5 mM Pb(CH3COO)2. The introduction of Pb
2+
(aq) 
results in a significant positive shift in the onset potential for AuCl4
-
(aq) reduction as observed 
in previous studies with gold cyanide plating solutions
31
. As in the absence of lead ions, 
current crossover is observed at 0.60 V (100 mV more positive than in Figure 1a), indicating 
nucleation growth kinetics. Figure 1b also shows additional features in the response below 
0.00 V which are even more evident in the second sweep (inset of Figure 1b). This broad 
feature followed by a narrower peak is indicative of lead under potential deposition (UPD) on 
gold. This characteristic response has been extensively studied on polycrystalline and single 
crystal Au electrodes
32
. A similar response was observed for a polycrystalline Au electrode in 
Pb(CH3COO)2 (aq) only while no such effect was recorded using a GC electrode.  
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Electrochemical characterisation of electrodeposited gold 
Figures 2a, b show CVs recorded in 0.5 M H2SO4 for a polished gold electrode and 
gold electrodeposited at 0.00 V and -0.25 V in the absence and presence of Pb
2+
(aq) ions, 
respectively (samples 1-4 as detailed in the Experimental section). All electrodeposition 
experiments reported in this work were carried out for 600 seconds at a GC electrode. The 
latter potential value was chosen to study the influence of lead UPD on the gold 
electrodeposition process. It is immediately apparent that the introduction of Pb
2+
(aq) into the 
plating solution has a significant impact on the electrochemical behaviour of the gold deposit. 
When comparing samples 1 and 2 a clear increase in surface area is observed in the presence 
of Pb
2+
(aq) characterised by the increase in the monolayer oxide reduction peak at 0.88 V 
(Figure 2a). Interestingly, the monolayer oxide formation region begins at less positive 
potentials compared to a polished polycrystalline gold electrode as seen previously for 
nanoporous gold electrodes
4
. Also, gold electrodeposited from the Pb
2+
(aq) containing solution 
shows several processes occurring during the monolayer oxide formation process. This may 
be due to stronger electroadsorption of OH
-
 ions on different crystallographic faces which we 
postulate to be the initial stage of gold oxide formation. The OHads then undergo place 
exchange to form a 3D lattice of AuO before a compact Au2O3 oxide is formed
16, 33
.  
 A significantly more dramatic increase in surface area is observed when comparing 
samples 3 and 4 where electrodeposition was carried out at -0.25 V (Figure 2b).  A significant 
feature occurring at 1.4 V, which also occurs to a much lesser extent in the absence of Pb
2+
(aq) 
in the plating solution, is now very apparent which is often indicative of a Au (111) surface
34
. 
At this potential, lead UPD is assumed to occur on the already electrodeposited gold (Figure 
1b). It is postulated that under these conditions any Pb that is deposited on the surface may in 
turn be galvanically replaced by AuCl4
-
(aq) ions in solution. Figure 1c shows the current – time 
(i-t) plots for the electrodeposition of gold carried out at 0.00 and -0.25 V in the presence of 
Pb
2+
(aq). For sample 2 the current reaches a steady state value after 100 s indicative of a 
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diffusion limited process. However, for sample 4 the cathodic current never reaches a steady 
state (Figure 1c) but continues to increase during the course of the electrodeposition process 
and is related to the codeposition of Pb and Au at a surface that is rapidly increasing in 
surface area. This is consistent with the substantial increase in surface area observed after 
electrodeposition in this region (Figure 2b). The replacement of Pb with Au to generate a 
continuous gold film electrode has been carried out previously in a two step process where 
lead has been electrodeposited onto a GC electrode and then immersed in a gold salt 
solution
35
. This two step method of galvanic replacement has been performed with sacrificial 
metals such as Fe, Co, Ni and Cu to generate gold and platinum electrodes
36
. However, this is 
the first time that the sacrificial metal is electrodeposited during the electroreduction of the 
more noble metal salt.  
The electrochemical properties of electrodeposited gold were also investigated in 
alkaline solution (Figures 2c, d). The same general features are observed as in acidic solution, 
i.e. the inclusion of Pb
2+
(aq) in the electrolyte resulted in a deposit with an increased surface 
area with the most significant increase observed when the deposition was carried out in the 
lead UPD region (sample 4). The electrodeposited gold samples also were oxidised at less 
positive potentials than a polished gold electrode with a significant peak observed for each 
sample at 0.14 V before the main increase in current associated with monolayer oxide 
formation. During the latter process several features are observable on the electrodeposited 
gold samples which are not present for polished gold and may again be attributable to 
adsorption of OH
-
 onto different sites of the gold surface which may be more active than for 
polished gold.    
 However, it is in the double layer region that the most significant differences arise 
between a polished gold electrode and each of the electrodeposited samples. Figure 3 shows 
CVs recorded in the double layer region for a polished gold electrode and samples 1-4 in both 
acidic (-0.20 to 0.80 V) and alkaline (-1.00 to 0.00 V) solution. It can be seen that there are 
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significant premonolayer oxidation responses for electrodeposited gold, whereas the response 
for a polished gold electrode is virtually featureless. It has been postulated that active surface 
sites or MMS atoms on the surface are oxidised to a hydrous oxide species of the type 
[Au2(OH)9]
3-
ads. The responses are more pronounced in alkaline solution as [Au2(OH)9]
3-
ads  
can be more readily stabilised in the presence of a large concentration of OH
-
 ions as found in 
0.5 M NaOH
16
. In alkaline solution, each electrodeposited sample shows a pair of quasi-
reversible peaks at ca. -0.36 V which are not present for a polished gold electrode. 
Interestingly,  samples 3 and 4 prepared at -0.25 V show extra features in the double layer 
region in the negative sweep (-0.61 and -0.77 V: in the absence of Pb
2+
(aq) and -0.25, -0.50 and 
-0.58 V: in the presence of Pb
2+
(aq)),  which have been attributed to the reduction of 
recalcitrant hydrous oxides formed in the positive sweep on highly disrupted gold surfaces
37
. 
Even in 0.5 M H2SO4 significant double layer responses at 0.02 and 0.49 V are observed for 
the sample 4 (Figure 3a) which are comparable to those observed for a severely activated gold 
electrode through an electrochemical hydrogen embrittlement process
16, 38, 39
 or thermal 
treatment
40
. The detection of processes in the double layer region with different magnitudes 
suggests that gold can be electrodeposited with MMS atoms in various active states. 
Interestingly, the samples electrodeposited at the more negative potential, irrespective of the 
presence of Pb
2+
(aq) show the most active state responses (Figure 3b).  
 
Surface characterisation of electrodeposited gold 
SEM micrographs of electrodeposited gold are shown in Figure 4. The samples prepared in 
the absence of Pb
2+
(aq) at 0.00 and -0.25 V show distinctly different morphologies. Sample 1 
(Figure 4a, b) shows gold clusters distributed evenly over the entire GC surface ranging in 
size from 200 nm to 2 µm diameter consisting of a distinctive fine structure. In comparison, 
sample 3 (Figure 4c, d) shows a more continuous film consisting of smaller and smoother 
crystallites ranging in size from 10 to 450 nm in diameter with some larger crystallites around 
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500 nm also present. The higher resolution image (Figure 4d) clearly shows that each 
crystallite is rather smooth and does not have the surface structure observed in the previous 
case. This lack of fine structure within each crystal and the smaller crystal size is most likely 
due to a faster rate of growth at the lower potential. In contrast, a slower rate of growth at 
0.00 V favours larger crystals and more outward growth, particularly at low AuCl4
-
 
concentrations (6.9 mM) used in this study, which has been observed in the electrodeposition 
of gold nanoflowers onto glassy carbon surfaces under similar experimental conditions
8
.   
 The introduction of Pb
2+
(aq) into the plating solution has a significant impact on 
the morphology of the resulting deposit as seen by SEM images of gold electrodeposited at 
0.00 and -0.25 V (Figure 5). Sample 2 (Figure 5a, b) shows a discontinuous film of gold 
clusters with a much higher packing density when compared to sample 1. Each cluster 
consists of intertwined plate like gold crystallites which resemble recent studies of 
electrodeposited nanoflower gold on indium tin oxide electrodes
6
. The introduction of Pb
2+
(aq) 
clearly influences the growth of gold on GC surfaces as suggested by the depolarization effect 
seen in the CV studies resulting in a more hierarchical gold nanostructure.  Decreasing the 
potential to -0.25 V (Figure 5c, d) and into the lead UPD region has a dramatic influence on 
the structure of the electrodeposited gold. This results in large dendritic structures (up to 
10 µm in length) distributed over a film of smaller gold crystallites on the GC surface. The 
presence of large hyperbranched crystallites on the electrode surface is consistent with the 
dramatic increase in electrochemically active surface area measured by CV (Figure 2b). A 
high resolution SEM micrograph of one of these dendritic structures is shown in Figure 5d. 
Individual dendrites show an interesting backbone structure with regular branches consisting 
of more outreaching crystallites. However, the surface of these dendrites, also appear to be 
smooth at this magnification level as observed for sample 3.  
The formation of dendritic structures is postulated to occur due to the galvanic 
replacement of lead with gold. It was confirmed by EDX that lead was not present in any 
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sample. Moreover, X-ray diffraction data in Figure 6 also clearly shows the presence of 
polycrystalline gold, wherein characteristic peaks due to Pb, or PbO2 were not detected. The 
shoulders at 2 = 43 and 78 are confirmed to be from the underlying GC electrode. It can 
therefore be reasonably assumed that any lead that is deposited on the surface at -0.25 V is 
galvanically replaced in the presence of AuCl4
-
(aq) ions. It has been demonstrated previously 
that depositing nanostructured and dendritic noble metals on semiconducting materials can be 
readily achieved by simple immersion of the substrate into the relevant metal salt and HF
41
. 
Dendritic growth can be achieved by appropriate control of reaction time and metal salt 
concentration which typically requires the latter to be at the mM level
41, 42
. Under the 
experimental conditions employed here a similar mechanism is postulated to occur where any 
lead that is deposited is assumed to be consumed rapidly in the presence of AuCl4
-
(aq). Given 
that the GC electrode is under potential control, fresh lead is continuously been deposited at 
the surface allowing the galvanic replacement reaction to continue, resulting in the outward 
dendritic growth of structures up to 10 µm in length.   
 
Electrocatalytic performance of electrodeposited gold 
Burke has postulated through the Incipient Hydrous Oxide Adatom Mediator 
(IHOAM) model that the MMS/hydrous oxide transition mediates electrocatalytic oxidation 
reactions
43
. It has been observed that a host of electrocatalytic reactions occur within the 
double layer region of gold at potentials where premonolayer oxidation peaks are observed 
after sufficient activation of the metal surface
15, 16
. It is observed from the CV data that gold 
electrodeposited at -0.25 V both in the presence and absence of Pb
2+
(aq) show the most 
significant premonolayer oxidation responses which is related to the oxidation of active sites 
or MMS atoms (Figure 3). The presence of active sites on the electrode surface are assumed 
to be responsible for the electrocatalytic properties of noble metals
3, 13, 15
 and therefore the 
existence of premonolayer oxidation responses, varying surface area and morphology were 
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investigated to see which factor most influences electrocatalytic performance. All 
electrodeposited samples showed comparable ratios in the peak intensities of the individual 
crystal planes (Figure 6) and did not show preferential growth of any one crystal facet.  
Therefore, under these experimental conditions the polycrystalline nature of the gold deposit 
is nearly identical, and the influence of specific crystal planes on electrocatalytic 
performance, as often documented in single crystal studies, is not an influencing factor. 
 Figure 7 shows the CVs for the oxidation of 20 mM H2O2 in 0.5 M H2SO4 obtained at 
electrodeposited gold samples and a polished electrode. All data have been normalised with 
respect to the electrochemically active surface area of the electrode determined by calculating 
the charge required for reducing the monolayer oxide (Figure 2a, b) as described by Rand and 
Woods
44
.  The oxidation of hydrogen peroxide proceeds via the following overall reaction  
 
                                                 222 22 OeHOH 
                                              (2) 
  
A significant electrocatalytic effect can be seen for the electrodeposited gold samples 
compared to a polished gold electrode. The magnitude of the current and the positive shift of 
the onset and peak potentials for hydrogen peroxide oxidation are quite significant when 
compared to a polished gold electrode. This is attributed to the microstructure of the deposit 
produced through the electrodeposition method. However, the choice of deposition potential 
is critical to performance as the magnitude of the electrocatalytic current for samples 
electrodeposited at -0.25 V in the absence and presence of Pb
2+
(aq) is always lower than 
samples prepared at 0.00 V. The samples prepared at the more negative potential exhibited 
significantly enhanced premonolayer oxidation responses, in particular sample 4 which was 
electrodeposited in the lead UPD region (Figure 3a).  Interestingly, sample 4 had the highest 
surface area and showed the most active state response in the absence of hydrogen peroxide 
but was the least active electrocatalyst. The electrocatalytic reduction of hydrogen peroxide in 
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acidic solution was also carried out which resulted in a similar trend in performance (Figure 
S1). Sample 4 again demonstrated the worst electrocatalytic performance, illustrating that the 
activity of the gold surface is also critical to reduction processes. However, the fabrication of 
this type of surface may have SERS applications given that dendritic flowerlike noble metal 
substrates have been identified as being suitable for SERS sensing
42
.  
The significant difference in electrocatalytic activity for hydrogen peroxide oxidation 
demonstrates that the morphology of the surface has a significant impact on their catalytic 
behaviour. Comparing samples 1 and 3 (Figures 4b and 4d) it is clearly seen that applying the 
lower electrodeposition potential creates much smaller crystallites, due to more rapid growth, 
which results in a surface that is more prone to premonolayer oxidation (Figure 3) suggesting 
that gold crystallites of this size (10 - 450 nm in diameter) are highly active. Sample 1 which 
contains larger crystallites (up to 2 µm in diameter) with a distinctive fine structure does not 
demonstrate significant premonolayer oxidation of highly active surface states, but generates 
surface states that have activity appropriate for electrocatalysis. This is in agreement with 
recent studies on electrochemically roughened gold surfaces that have suggested that small 
crystallites less than 500 nm in diameter are less active for methanol oxidation than larger 
micrometer sized crystals
13
.  
It has been demonstrated that activation of a Pt electrode by thermal methods severely 
disrupts the outer layers of the metal generating an abundance of active surface states which 
leads to significant premonolayer oxidation processes but suppresses electrocatalytic 
activity
23
. In this work, it is postulated that there may be over oxidation of the active state 
which inhibits subsequent hydrogen peroxide oxidation. This effect is even more pronounced 
when comparing samples 2 and 4. The fine structure consisting of intertwined plates of gold 
in Sample 2 exhibits only minor premonolayer oxidation responses in the double layer region 
of gold.  Sample 4 consists of a surface with large dendritic structures which demonstrates the 
most pronounced premonolayer oxidation responses of all the samples studied. It can be seen 
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clearly that among the various electrocatalysts employed in this study, sample 4 is the least 
active electrocatalyst for hydrogen peroxide oxidation (Figure 7).      
 To confirm the effect of premonolayer oxidation on electrocatalytic performance the 
oxidation of methanol in alkaline solution was carried out as it is known that the oxidation of 
active gold in alkaline solution is more facile given the enhanced stability of the hydrous 
oxide product than in acidic solution
16
. Methanol electrooxidation is known to occur at two 
distinct potential regions, i.e. before monolayer oxide formation and on extensively oxidised 
gold surfaces. At lower potentials the reaction proceeds through the formation of formates 
via
13
: 
 
                                           eOHHCOOOHOHCH 445 23                                     (3) 
 
whereas on oxidised surfaces methanol is oxidised to carbonates via
13
: 
 
                                               eOHCOOHOHCH 668 2
2
33                                      (4) 
 
In this study the latter potential region is avoided. 
If highly active surface states exist then the competition between over oxidation of 
these sites and an oxidation process will be even more pronounced in alkaline solution.  
Illustrated in Figure 8a is the electrooxidation of methanol at a polished gold electrode and 
samples 1 and 3. It can be seen clearly that the behaviour of each electrodeposited sample is 
significantly different. The electrocatalytic activity of sample 3 is comparable to a polished 
gold electrode when the current is normalised to the electrochemically active surface area. 
Methanol oxidation commences at ca. -0.30 V and reaches a maximum at 0.25 V which 
coincides with the formation of the monolayer oxide which inhibits further methanol 
oxidation at this potential. Increasing the potential to more positive values at which gold is 
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extensively oxidised will result in further methanol oxidation via the process in equation 4. 
On the negative sweep the reduction of the oxide formed during the positive sweep is seen at 
0.13 V followed by an anodic current due to reoxidation of methanol on the fresh gold 
surface. This behaviour is in contrast to the enhanced electrocatalytic activity observed for 
hydrogen peroxide oxidation at sample 3 over a polished gold electrode (Figure 7). This can 
be related to the active state of the electrode surface. It can be seen in Figure 3b that sample 3 
showed significant premonolayer oxidation responses in alkaline solution. Therefore, the 
presence of a high OH
-
 concentration promotes the over oxidation of surface active sites or 
extensive surface adsorption of OH
-
 which inhibits electrocatalytic activity. Feliu has stated 
that when OHads is significant on the electrode surface methanol oxidation is inhibited due to 
competition for adsorption sites
3
. Sample 1 does not exhibit such extensive premonolayer 
oxidation behaviour but has a level of activity that is preferential for the oxidation of 
methanol and not over oxidation of the active surface sites. Indeed, the oxidation of methanol 
commences at -0.60 V which is significantly lower than at a polished gold electrode. At more 
positive potentials a second process is observed which is comparable to polished gold but the 
current is much higher. The oxidation of methanol at two potential regions, one within the 
double layer region, has been observed on gold nanoparticles (4 nm diameter) immobilised on 
a vitreous carbon disk electrode
3
 and activated gold electrodes prepared through the formation 
and decomposition of a surface amalgam with mercury
13
. The existence of nanostructured 
morphology as well as crystallite size may also enhance the electrocatalytic properties of 
gold. Sample 1 exhibits fine structure within the crystallites (Figure 4b) compared to the 
smoother crystallites of sample 3 (Figure 4d). This behaviour was observed recently for Pt 
coated hollow Au nanotubes in which methanol oxidation was enhanced at nanotubes with 
porous walls compared to an analogous nanotube system with smooth walls
45
.  
Electrodeposition carried out in the presence of Pb
2+
(aq) exhibited the same trend with 
regards to electrodeposition potential as observed in the previous case (Figure 8b), i.e. 
 17 
methanol oxidation proceeded over two potential regions for the sample electrodeposited at 
0.00 V compared to just one prior to the onset of oxide formation for the sample 
electrodeposited at -0.25 V. This again can be related to the premonolayer oxidation responses 
observed for samples 2 and 4 in 0.5 M NaOH only which indicates that the presence of 
several responses in the double layer region impacts negatively on electrocatalytic 
performance. Interestingly, under these conditions an active state response is clearly visible 
for sample 4 as a peak at ca. -0.37 V (Figure 8b) which indicates that preferential oxidation of 
the active state occurs at this potential over methanol oxidation. Similarly, for sample 2 the 
oxidation of methanol and the active surface state can be observed over the same potential 
region within the double layer (Figure 8b). This results in the magnitude of the current being 
less than that observed for sample 1 (Figure 8a) over the potential range of -1.00 to 0.00 V. 
The latter sample only exhibited minor features in the double layer region (Figure 3b).  
It should be noted however, the electrodeposited gold that exhibited nanostructure 
within the crystallites on the surface (Samples 1 and 2) exhibited enhanced electrocatalytic 
activity compared to smaller smooth gold crystallites (Sample 3) and larger dendritic 
structures (sample 4) in potential regions well within the double layer region. In particular the 
sample prepared by electrodeposition in the lead UPD region (Sample 4) shows a comparable 
response to a polished gold electrode even though the surface area is greater by a factor of 8 
(data in Figure 8 is normalised by the electrochemically active surface area).  From this data it 
can be concluded that producing a highly active surface with a high electrochemically active 
surface area does not guarantee good electrocatalytic performance.  It also demonstrates that 
highly active gold in alkaline solution is more prone to over oxidation of active sites than in 
acidic solution which subsequently inhibits electrocatalytic activity.  
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Conclusions 
The electrocatalytic performance of electrodeposited gold is highly dependent on the presence 
of active surface states and the morphology of the deposit. These factors can be controlled 
through the electrodeposition potential and additives in the plating solution to give better 
electrocatalysts than a polished gold electrode. The morphology can be tuned to give smooth 
or nanostructured gold crystallites or large dendritic structures through the in-situ galvanic 
replacement of Pb with AuCl4
-
(aq) where the nanostructured crystallites showed less 
premonolayer oxidation behaviour than the smaller smoother crystallites and larger dendritic 
structures. It was found that generation of a surface that demonstrates significant 
premonolayer oxidation responses in the double layer region does not result in the most 
effective electrocatalyst. In particular in alkaline solution where gold usually shows the most 
electrocatalytic activity these active surface states become over oxidised and compete with the 
electrocatalytic reaction thereby inhibiting the reaction. Furthermore, an increased surface 
area does not necessarily improve the performance of the electrocatalyst. Therefore, it is 
important that the electrodeposited film is tuned to a level of activity that is appropriate for 
electrocatalytic reactions which is achievable at nanostructured gold crystallites.    
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Figure 1: Cyclic voltammograms obtained at a GC electrode at a sweep rate of 100 mV s
-1
 
initiated at 0.70 V vs Ag/AgCl in the negative direction in (a) 6.9 mM HAuCl4 and (b) 
6.9 mM HAuCl4 and 0.5 mM Pb(CH3COO)2. The second negative sweep is indicated as a 
dashed line. The inset in (b) shows the second sweep from 0.50 to -0.50 V. (c) Current 
transients for electrodeposition of gold from 6.9 mM HAuCl4 (
____
) and 6.9 mM HAuCl4 and 
0.5 mM Pb(CH3COO)2 (
____
). 
 
Figure 2: Cyclic voltammograms obtained at 50 mV s
-1
 for a polished gold electrode (AuE) 
(
____
) and samples 1-4 in (a)-(b) 0.5 M H2SO4 and (c)-(d) 0.5 M NaOH.  
 
Figure 3: Cyclic voltammograms obtained at 50 mV s
-1
 for a polished gold electrode (AuE) 
(
____
) and samples 1-4 in (a) 0.5 M H2SO4 and (b) 0.5 M NaOH.  
 
Figure 4: SEM images of sample 1 (a) – (b) and sample 3 (c) – (d).  
 
Figure 5: SEM images of sample 2 (a) – (b) and sample 4 (c) – (d).  
 
Figure 6: X-ray diffraction data for a polished gold electrode (AuE) (
____
), glassy carbon 
electrode (GC) (
____
), and samples 1-4. The peak intensities were normalised with respect to 
the (220) peak for samples 1-4. For AuE the spectrum intensity was divided by a factor of 5.   
 
Figure 7: Cyclic voltammograms obtained at 20 mV s
-1
 in 0.5 M H2SO4 containing 20 mM 
H2O2 for a polished gold electrode (AuE) (
____
) and samples 1-4.  
 
 23 
Figure 8: Cyclic voltammograms obtained at 10 mV s
-1
 in 0.5 M NaOH containing 1 M 
methanol for a polished gold electrode (AuE) (
____
) and samples 1-4. 
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